Abstract: High efficiency but low cost FeNi nanoparticles supported on NG (nitrogen-doped graphene) catalysts for ORR (oxygen reduction reaction) were prepared by electrodeposition method. NG was obtained via thermal annealing of ball milled graphene with melamine. XRD (X-ray diffraction), Raman, and XPS (X-ray photoelectron spectroscopy) analyses showed multiple layers with a low degree of disorder and characteristic of pyridinic-N were a major feature. The deposition of FeNi was carried out potentiostatically with voltage of -7.0 and -6.0 V for 100 s at room temperature. Different concentration of FeCl 2 ·4H 2 O and NiCl 2 ·6H 2 O in ethylene glycol solution was varied. XRD patterns confirmed FeNi alloy formation and SEM (scanning electron microscopes) images reviewed that 0.025 M FeNi solution achieved spherically dispersed FeNi nanoparticles with diameters of 50-100 nm cover on NG particles and some parts appear as corals shape dendrite cluster. Only spherical particles were observed in other conditions. Average sizes of particle vary without trend. CV analysis shows that catalysts prepared with 0.50 M and at -7.0 V which has the smallest particle sizes, gave higher performance over others and commercial Pt/C catalysts. Therefore, this catalyst is expected to have good performance in ORR.
Introduction
The global energy crisis and human-induced climate change have become controversies over the past decade. Carbon dioxide emission has increased rapidly mainly due to increased industrial activities [1] . This leads to the need for alternative energy sources and cleaner means of transportation, to reduce CO 2
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emission. Utilization of solar, wind, geothermic, bio-energy and hydrogen is being developed. A zero-emission hydrogen fuel cell is one of the most promising energy sources. Recently, it has been used in the automotive industry. Fuel cells are also suitable for many other applications, such as electrical appliances and portable vehicles, because of their high efficiencies and smaller footprints. Among various types of fuel cells, PEMFC (proton exchange membrane fuel cell) is considered as a promising power source for the next generation portable vehicles, due to its low operating temperature, high energy density and green emission [2, 3] . For the conversion of chemical energy into electricity, PEMFC requires the development of better catalyst, such as Pt-based for the ORR (oxygen reduction reaction). However, pure Pt is not suitable for the ORR because Pt provides two-step pathway of the oxygen reduction. The intermediate product, H 2 O 2 , can destroy the electrode surface when it is used for a long time [3, 4] . One possible solution is to replace Pt-based catalyst by the non-noble metals-based ones, such as transition metals (Fe, Co, and Ni). FeOOH/reduced graphene oxide hybrids [5] and Fe catalyst supported on nitrogen-functionalized graphene nano-flakes [6] showed good electrochemical catalytic activity for ORR.
Furthermore, the use of carbon-based supports such as carbon black, carbon nanotubes, activated carbons and graphene [2, [5] [6] [7] [8] [9] [10] enhanced the catalytic performances of iron (Fe) and nickel (Ni) catalysts. Among these supports, graphene, a 2D single layer sheet of hexagonal carbon atoms, has emerged as a new generation catalyst support because of its high surface area, excellent electrical conductivity, good chemical and environmental stabilities and strong coupling with catalyst nanoparticles. Recently, N-doped carbon which improves ORR activity significantly was proposed [11, 12] . Nitrogen doping increases the basicity of the attached graphitic carbon as a result of the lone pair of electrons of the pyridinic-N species, which stabilizes the carbon against oxidation and facilitates oxygen reduction.
Nowadays, graphene can be prepared by various techniques, such as micromechanical cleavage and exfoliation [13] , plasma enhanced chemical vapor deposition [14, 15] and chemical route via reduction of GO (graphene oxide) [16] [17] [18] . Among these methods, the chemical oxidations of graphite to form GO and its subsequent reduction to graphene is considered one of the most promising approaches to produce graphene in large volume. However, it was usually carried out using hydrazine as reducing agent [19, 20] , which is highly toxic, making great care for a requirement of the GO reduction process. The thermal reduction was chosen in this research because of its low-cost, ease of preparation and effectiveness especially when preparing rGO (reduced graphene oxide) sheets in high quantity [16] .
Several methods including microwave [7] , chemical reduction [19] , mechanical alloying [21] , chemical vapor deposition [22] and electrochemical deposition 
Experimental Setup

Graphene Nanosheets and Nitogen-Doped Graphene Preparation
GO was prepared first by using the modified Hummers' method [23] . The GO was mashed in mortar for 30 min. The reduction of GO was carried out by thermal annealing with a flow of nitrogen gas and heated to 500 °C at a rate of 3 °C/min. After the temperature maintained for 5 h, the furnace was slowly cooled to room temperature. The obtained graphene (marked as GN) was then balling milled for 3 h. The final product was collected from the crucible directly. The obtained supporter was marked as GN-BM. The N-doped grapheme was prepared by annealing GN-BM and melamine with the mass ratio of 1:5. A mixture was carried out by thermal annealing with a flow of nitrogen and heated to 800 °C at a rate of 5 °C/min. The temperature was maintained for 1 h. The product was marked as NG.
Preparation of FeNi/Graphene Sheets
The working electrode was prepared by attaching carbon cloth (size 9×6 mm) with titanium foil (size 3×6 mm) by silver paste and dried in an oven at 60 °C for 2-3 h. Afterward, 70 mg of NG was dispersed in the mixture of 47 μL of 5% nafion, 6 μL of distilled water, and 23 μL of isopropanol solutions and sonicated for 30 min. The solution was then dropped onto carbon-cloth substrate and dried in an oven for over 3 h. Electrodeposition was carried out at room temperature and a constant applied cell voltage of -7.0 V (versus Ag/AgCl) with a deposition time of 100 s. After that, the electrode was rinsed with ethanol and dried in a vacuum oven. The procedure was repeated with the electrolyte concentrations varied to 0.050 M, and with the cell voltage varied to -6.0 V. The names and preparation conditions for all prepared products are shown in Table 1 .
Characterization
All prepared catalysts were firstly characterized by powder X-ray diffraction (XRD, Rigaku MiniFlex 600) for phase identification. The instrument used Cu K α Name radiation (λ = 1.5418 Å) operating at 20 kV and 15 mA, with a scanning rate of 0.040/s in the 2θ range of 10-90°. The sample identification was assisted by STOE win XPOW Computer Software (search-match program). The morphology of all products was analyzed by SEM (scanning electron microscopes, JEOL JSM-IT300 and JSM-5910LV), operating at the accelerating voltage of 15-20 kV. Type and percent weight of element were analyzed by EDS (energy dispersive spectroscopy). The morphology and structure of all products were also characterized by TEM (transmission electron microscope, JEOL model JEM-2010), operating at 20 kV. Electrochemically testing by cyclic voltammetric technique was performed. Cyclic voltammetry method was applied to study ORR process. Electrochemical test was performed with a galvanostat/potentiostat. A counter 
Experimental Results
XRD (X-ray diffraction) patterns obtained from GO, GN-BM, and NG are presented in Fig. 1 . It can be seen that the XRD pattern of GO is that of a typical graphite oxide, with the diffraction peak at 2θ = 11.60°, which corresponds to a (001) refection plane (JCPDS file No. 41-1487). After the GO reduction via thermal annealing under nitrogen gas and ball milling, the graphene products (labeled as GN-BM) showed substantially different patterns, with the weak (002) diffraction peak at 2θ = 25.26°. This is reported on the database JCPDS file No. 26-1079. These results confirm that the GO was reduced to GN-BM, but the presence of the (002) diffraction peak in the GN-BM indicated that the synthesized graphene does not exist as a single layer. The GN-BM was then doped with nitrogen (N-doped graphene was prepared by annealing GN-BM and melamine at 800 °C for 1 h with a mass ratio of 1:5). The NG diffraction peak at 2θ = 44°-sign of incorporation of nitrogen in the graphene structure, which suggests the formation of N-doped carbon. Fig. 2 shows typical analytical data on Raman spectra for GO and GN-BM prepared in this research. Raman spectra provide information about the characterization of structure and quality of carbon materials, particularly the defects, ordered and disordered structures and layers of graphene. The Raman spectra of GO and GN-BM showed two strong peaks at 1,343 and 1,585 cm -1 , corresponding to the well-defined D band and G band, respectively. The weak peak at 2,700 cm -1 is a second-order of the 2D
band. The ratio of I D /I G was designed the degree of disorder, such as defects and edges [11, 24, 25] . The I D /I G ratios of GO and GN-BM were found to be 0.92 and 0.85 respectively. The lower value of I D /I G corresponds to better quality carbon. The higher value of I D /I G XPS (X-ray photoelectron spectroscopy) characterizations were further performed to analyze the elemental composition and nitrogen bonding configurations in NG. As shown in Fig. 3a , the XPS spectrum of 3 visible edges located at 285, 399 and 532 eV corresponded to the characteristic K-shell ionization edges of C, N, and O, respectively. The contents of C, N, and O in NG are represented in Table 2 . This could be well-confirmed nitrogen doping of GN-BM was achieved. The high-resolution of C 1s XPS spectra (Fig. 3b) showed one main peak at 285.0 eV corresponding to sp may be a result of the presence of amorphous carbon and defects in the sample. 2 -hybridization and small signals at 286.6, 288.2 and 290.0 eV, which were attributed to different C-O bonding configurations. The high resolution N 1s XPS spectra gave five peaks: 398.6, 399.8, 401.0, 401.8 and 403.1 eV (Fig. 3c) , corresponding to the characteristic of pyridinic-N, pyrrolic-N, graphitic-N, quaternary-N, and oxide-N, respectively. The relative percentages of N content are summarized in Table 3 . Pyridinic-N and pyrrolic-N were located at the edges or vacancies of graphene and bonded to two adjacent carbon atoms, donating aromatic with one/two p-electron and leaving behind the lone pair electrons in sp orbitals [26] . According to the literature, the good performance of electrocatalytic ORR activity can be attributed to pyridinic-N and pyrrolic-N [11] . Fig. 4 shows SEM images of carbon GO, GN-BM, and NG. As shown in Fig. 4b , it could be observed that the GN-BM has smallest sheet size. Fig. 4c shows that the morphology of NG was similar to those of GN-BM.
XRD patterns of 25FeNi/GN-BM on carbon cloth and bare carbon cloth are presented in Fig. 5 then were reduced to be FeNi alloy. The averages sizes of NiFe particles in 25FeNi-6V/GN-BM, 25FeNi-7V/GN-BM, 50FeNi-6V/GN-BM and 50FeNi-7V/GN-BM were 114, 110, 210 and 122 nm, respectively. It could be seen that an increasing of FeNi concentration from 0.025 M to 0.050 M, with fixed deposition voltage and time, affected the formation of FeNi. The higher concentration of precursors could produce the smaller size of FeNi alloy. The morphological evolution of FeNi alloy nanoparticles as a function of voltages variation (-6 V and -7 V) could also be observed. As the voltage was changed from -6 V to -7 V, the formation of spherical NiFe particles is more favorable than the formation of dendrite FeNi clusters. Fig. 7 shows the SEM images of products of FeNi alloy on NG supports and their elemental compositions were included in Table 5 . The FeNi catalyst was obtained as spherical nanoparticles and dispersed thoroughly on NG surfaces. The quantitative analysis of EDS results confirmed the occurrence of FeNi in the prepared products. The average particle sizes of FeNi in 25FeNi-6V/NG, 25FeNi-7V/NG, 50FeNi-6V/NG and 50FeNi-7V/NG were 86, 88, 82 and 68 nm, respectively. It is obvious that FeNi particles containing in FeNi/NG products were smaller than that containing in FeNi/GN-GM products. TEM images in Fig. 8 showed that the catalysts consisted of evenly distributed 50-nm-diameter FeNi alloy particles on GN-BM surfaces. The dendrite clusters that appeared in SEM images were not observed in TEM images because the big dendrite clusters were lost during sample preparation. The SAD patterns in the insets of all TEM images showed that the FeNi alloy and carbon contained in all products. Fig. 9 indicates that there were more catalysts particles on NG supported products than that on GN-BM supported samples. This is a result of higher conductivity of NG which induced Fe 0 and Ni 0 deposition on the NG surfaces. In addition, the more particles of FeNi were produced, the smaller sizes of FeNi particles were obtained on NG. Fig . 10 shows the cyclic voltammograms for ORR at FeNi alloy catalysts supported on GN-BM. The cathodic peaks at around 0.2-0.3 V referred to the ORR. Among these FeNi/GN-BM catalysts, 50FeNi containing higher content of Fe and Ni exhibited more visible ORR peaks than 25FeNi. For the catalysts which were prepared from the same Fe-Ni concentration, the catalysts prepared at the electrodeposition voltage of -7.0 V exhibited the most positive oxygen reduction peak than the others. This result corresponded to the results from SEM and TEM techniques that the smaller sizes and larger surface area of FeNi alloyin 50FeNi-7V/GN-BM provided higher ORR activity.
The cyclic voltammograms for ORR at FeNi alloy catalysts on NG are presented in Fig. 11 . The ORR peak of 50FeNi-7V/NG was observed at the most positive oxygen reduction potential at about 0.3 V. This shows the relation between ORR activity and size of FeNi catalysts-the reduction potential increased as decreasing of FeNi particles size. Therefore, 50FeNi-7V/NG exhibited highest catalytic activity due to its highest surface area of the smallest FeNi particles, the highest content of FeNi alloy and the electrical conductivity of N-doped graphene.
Conclusions
In summary, NG which was prepared from the recent work with 6.38% atomic nitrogen exhibited a good support for FeNi alloy. Its high electronic conductivity allowed well dispersion and formation of small FeNi catalyst, leading to high oxygen reduction potential of the prepared product. Therefore, FeNi nanoparticles on NG synthesized via electrodeposition provided good ORR performance for proton exchange membrane fuel cells.
